Background: Arthropathy is a prevalent and invalidating complication of acromegaly with a characteristic radiographic phenotype. We aimed to further characterize cartilage and bone abnormalities associated with acromegalic arthropathy using magnetic resonance imaging (MRI). Methods: Twenty-six patients (23% women, mean age 56.8 ± 13.4 years), with active (n = 10) and controlled acromegaly (n = 16) underwent a 3.0 T MRI of the right knee. Osteophytes, cartilage defects, bone marrow lesions and subchondral cysts were assessed by the Knee Osteoarthritis Scoring System (KOSS) method. Cartilage thickness and cartilage T2 relaxation times, in which higher values reflect increased water content and/or structural changes, were measured. Twenty-five controls (52% women, mean age: 59.6 ± 8.0 years) with primary knee OA were included for comparison. Results: Both in active and controlled acromegaly, structural OA defects were highly prevalent, with thickest cartilage and highest cartilage T2 relaxation times in the active patients. When compared to primary OA subjects, patients with acromegaly seem to have less cysts (12% vs 48%, P = 0.001) and bone marrow lesions (15% vs 80%, P = 0.006), but comparable prevalence of osteophytosis and cartilage defects. Patients with acromegaly had 31% thicker total joint cartilage (P < 0.001) with higher cartilage T2 relaxation times at all measured sites than primary OA subjects (P < 0.01). Conclusions: Patients with active acromegaly have a high prevalence of structural OA abnormalities in combination with thick joint cartilage. In addition, T2 relaxation times of cartilage are high in active patients, indicating unhealthy cartilage with increased water content, which is (partially) reversible by adequate treatment. Patients with acromegaly have a different distribution of structural OA abnormalities visualized by MRI than primary OA subjects, especially of cartilage defects. Correspondence should be addressed to K M J A Claessen Email K.M.J.A.Claessen@lumc.nl European Journal of Endocrinology 176:6 782 Clinical Study K M J A Claessen and others Acromegalic arthropathy www.eje-online.org European Journal of Endocrinology 176:6 783 Clinical Study K M J A Claessen and others Acromegalic arthropathy www.eje-online.org European Journal of Endocrinology 176:6 784 Clinical Study K M J A Claessen and others Acromegalic arthropathy www.eje-online.org European Journal of Endocrinology 176:6 785 Clinical Study K M J A Claessen and others Acromegalic arthropathy www.eje-online.org *Adjusted for age, sex and BMI. † Data presented as β (95% CI). NS, non-significant.
Introduction
Acromegaly is a rare chronic endocrine disease, caused by a growth hormone (GH)-producing pituitary adenoma, resulting in elevated GH and insulin-like growth factor-1 (IGF-1) concentrations. Patients with acromegaly have an increased risk to develop secondary osteoarthritis (OA), having a considerable impact on physical functioning and psychological well-being (1, 2) . In 50-70% of patients, arthropathy is one of the presenting symptoms at diagnosis. The mechanisms that are involved in the pathophysiology of acromegalic joint disease are not fully elucidated. Recent studies point towards a role for excess GH/IGF-1 activity both in the initiation and in the progression of acromegalic arthropathy (3, 4, 5) . Based on old studies in mainly active patients, it is hypothesized that there are two phases in the pathogenesis of acromegalic arthropathy. At the initial stage, elevated GH and (local and circulating) IGF-1 levels induce cartilage hypertrophy and laxity of the periarticular ligaments, which result in an altered geometry of the joints and hypermobility. In this phase, radiographic abnormalities include joint space widening and periarticular soft tissue hypertrophy. This early stage is thought to be at least partially reversible by adequate treatment (6, 7) . However, when the GH excess persists, the disease acquires features of a degenerative joint disease, resulting in cyst and osteophyte formation with further deterioration of joint architecture by disproportionate proliferation of regenerative fibrocartilage (8) . In this late phase, changes become irreversible and may be GH-independent, and acromegaly treatment has only limited effects on joint symptoms (9) . On conventional radiographs of patients with active acromegaly, joint disease is characterized by widening of joint spaces and severe osteophytosis (10) . In a well-characterized cohort of patients with longterm disease control after currently available treatment, i.e., transsphenoidal pituitary surgery or GH-lowering medication, we recently observed a 4 to 12-fold increased prevalence of arthropathy, already being present at young age (1) . Remarkably, the distribution of structural OA features differs from that in patients with primary OA. Acromegalic arthropathy is predominantly characterized by osteophytosis, frequently in combination with preserved or even widened joint spaces, suggesting that cartilage hypertrophy is maintained despite long-term biochemical disease control (11) . However, no imaging studies of this unique phenotype of secondary OA with pathological cartilage hypertrophy have been performed, except for a single study that used ultrasonography (6, 12) . We have recently reported that several parameters indicating an increased GH/IGF-1 signal were indeed associated with radiographic OA (ROA) and ROA progression in acromegalic patients, i.e. high IGF-1 levels at the time of diagnosis and the presence of the common exon 3 deletion (d3-GHR) GH receptor polymorphism (3, 4, 5) .
To study the unique phenotype of acromegalic arthropathy further, magnetic resonance imaging (MRI) may give additional information to radiographs. MRI directly visualizes cartilage, enabling assessment of cartilage defects, thickness and quality, osteophytes but also other structural abnormalities of subchondral bone such as cysts and bone marrow edema. Cartilage quality can be measured by cartilage T2 relaxation times, being related to water content and collagen anisotropy, providing information on cartilage biochemical composition (13) . A higher T2 value has previously been reported in cartilage of patients with OA compared to healthy controls and its higher T2 values were correlated with the severity of the disease (14, 15) .
In the present study, we investigated knees of 26 patients with acromegaly by 3.0 Tesla (3.0 T) MRI to study structural OA abnormalities, with particular interest in cartilage features. We included both acromegaly patients with active and controlled disease to study the potential relationship between structural OA features and disease activity. Subjects with primary OA were included as controls to differentiate the structural MRI abnormalities that were acromegaly-specific.
Subjects and methods

Study design and patient selection
Study design
In a cross-sectional study design, we performed 3.0 T MRI scans of the knee in 26 patients with acromegaly, who were divided into two subgroups: (i) active patients and (ii) patients in remission, by transsphenoidal surgery and/or radiotherapy, or medical treatment. Two patients underwent two knee MRIs at different time points (i.e. one MRI before surgery and one MRI >6 months after successful surgery), resulting in 28 available MRIs for analysis. We included control subjects with primary knee OA from the geMstoan study (vide infra, (16) ) to evaluate acromegalyspecific differences in structural joint abnormalities and cartilage thickness of the knee. In addition, we included reference values obtained from literature, i.e. controls with mild primary OA (13) , to evaluate cartilage biochemical composition by measuring cartilage T2 relaxation times at different locations in the knee.
Patients
All consecutive patients with acromegaly, who were referred to the Leiden University Medical Center, were collected in a database. Complementary to a crosssectional and follow-up study evaluating clinical and radiographic arthropathy in long-term biochemically controlled patients, a random subset of patients with controlled acromegaly was invited to undergo an additional knee MRI assessment, inviting both patients who were cured after surgery and patients on medical treatment (1, 4) . In addition, all consecutive new patients with active acromegaly were approached, to compare with controlled patients. Previous knee surgery was not an exclusion criterion.
From the beginning of the treatment for acromegaly, patients were followed strictly on a yearly base. The majority of patients underwent transsphenoidal surgery. If no remission was achieved, adjuvant therapy in the form of radiotherapy (prior to 1985) or somatostatin (SMS) analogs (from 1985 onwards) was given. After 1998, some patients (e.g. based on age, comorbidity, patient's preference) received primary medical treatment with depot formulations of long-acting SMS analogs. Since 2003, treatment-resistant patients were treated with pegvisomant.
In all patients, yearly oral glucose tolerance tests (oGTT) (except in medically treated patients), fasting serum GH and IGF-1 levels were measured to assess the disease activity. Patients were considered to be in remission based on the following criteria: a normal glucose-suppressed serum GH <1.25 (RIA assay until 1992) or 0.38 µg/L (immunofluorometric assay (IFMA) from 1992 onwards) and normal IGF-1 levels for age and sex (from 1986 onwards). Random serum GH level of <1.0 µg/L was used as additional criterion for disease remission, only in the patients treated with SMS analogs (17, 18, 19) . During the treatment with pegvisomant, disease control was defined as normalization of IGF-1 levels (19, 20) . Patients not meeting these criteria repeatedly were offered additional treatment.
Hypopituitarism was supplemented with levothyroxine, hydrocortisone and testosterone/estrogens based on the current guidelines (21) . GH deficiency was not routinely assessed.
The study protocol was approved by the Medical Ethics Committee, and all subjects gave written informed consent.
Controls
Two control groups were included for comparison with patients with acromegaly. 
Study protocol
Patients with acromegaly were seen on the outpatient clinic for a single study visit. All patients completed standardized questionnaires on demographic data, medical history and OA signs and symptoms, and the validated WOMAC (Western Ontario and McMaster Universities Osteoarthritis Index) questionnaire on pain, stiffness and functional disability of the lower limb. Conventional knee radiographs were obtained according to a standard protocol (vide infra), and all patients underwent an MRI scan of the right knee. Physical examination of the knee was performed by a single physician (K M J A C), trained in structured joint assessment. Controls from the geMstoan study underwent an MRI of the knee with symptomatic OA, and conventional knee radiographs were obtained. Self-reported pain was assessed by the Visual Analog Scale (VAS, 0-100) within 2 weeks of MRI acquisition and the WOMAC questionnaire was completed.
Study parameters
Parameters of acromegalic disease
Active disease duration was estimated from the start of symptoms and signs to the date of normalization of serum IGF-1 concentration after treatment. We calculated duration of remission from the date of biochemical remission until the start of the current study. Criteria for cure and biochemical controls are described above (see paragraph 'Patients'). In this study, cured and biochemically controlled patients were both referred to as 'in remission'.
Assays
Serum GH was measured with a sensitive immunofluorometric assay (IFMA) (Wallac, Turku, Finland), specific for the 22 kDa GH protein (detection limit: 0.01 µg/L, interassay coefficient of variation (CV): 1.6-8.4% of 0.01-15.38 µg/L) from 1992 onwards. For the conversion of µg/L to U/L, multiply by 2.6. Before 1992, GH levels were measured by radioimmunoassay (RIA) (Biolab, Serona, Coissins, Switzerland), detection limit: 0.5 U/L, with an interassay CV <5%. For the conversion of µg/L to U/L, a multiplication factor of 2 was used.
Serum IGF-1 concentrations (nmol/L) were measured using an immunometric technique on an Immulite 2500 system (Siemens Healthcare Diagnostics). Intra-assay variations at mean plasma levels of 8 and 75 nmol/L were 5.0 and 7.5% respectively. IGF-1 levels were represented as SDS based on lambda-mu-sigma smoothed reference curves of 906 subjects (22, 23) .
Radiographic protocol
Both in patients with acromegaly and controls from geMstoan study, conventional knee radiographs (posterior-anterior (PA), in weight-bearing/semi-flexed and lateral) were obtained, using the same standardized protocol with a fixed film-focus distance and fixed flexionposition (24) . Radiographic examinations were performed by a single experienced radiographer. Radiographs were available for 24 of 28 patients with acromegaly, and in all controls from the geMstoan study.
Radiographic knee OA was assessed according to the KL scale by an experienced musculoskeletal radiologist (H M K) (25) , and was defined as KL ≥2. The reproducibility, depicted by the intra-class correlation coefficient (ICC), was 0.99 and was based on a randomly selected sample of 34 radiographs (17 right and 17 left knees).
MRI protocol/acquisition
Although 1.5 Tesla (1.5 T) MRI of the knee is standard in clinical practice and performs well in assessing internal joint derangement, limitations have to be considered. In particular, assessing abnormalities of the hyaline articular cartilage and lateral meniscus may be challenging. The current literature suggests that imaging at 3.0 T MRI offers clinical benefits compared to 1.5 T (26, 27) . The stronger field strength of the 3 T MRI increases signal-to-noise ratio (SNR), potentially allowing thinner sections and higher in plane spatial resolutions resulting in better visualization of anatomical and pathological structures (28) . Therefore we scanned our patients on a 3 T MRI for the best interpretation of the images.
Patients: MRI scans were obtained using a 3.0 T superconducting MRI scanner (Gyroscan Achieva; Philips Medical Systems, Best, the Netherlands) and an eight-channel knee coil, and were performed by a single experienced radiology technologist. The scan protocol consisted of a series of standard knee sequences: proton-density weighted (PDW) frequency selective fat suppressed axial (TR/TE 1900/18 ms, TSE factor 6, FOV 150 × 150 × 115, matrix 288 × 228, slice thickness 3 mm), PDW DRIVE sagittal and coronal (TR/TE 2225/25 ms, TSE factor 12, FOV 150 × 150 × 86, matrix 432 × 336, slice thickness 3 mm), and a 3D gradient echo fat-suppressed sagittal scan. In addition, a sagittal T2-mapping scan (vide infra) was performed.
Controls: Controls from the geMstoan study underwent an MRI using the same 3.0 T MRI scanner and eight-channel knee coil as the patients with acromegaly. Both axial and sagittal contrast-enhanced (CE), T1-weighted, turbo spin echo (TSE) and spectral presaturation with inversion recovery (SPIR) sequences were acquired. The control MRI examination did not include a T2-mapping scan.
Study parameters MRI
Evaluation of structural OA changes on MRI: Knee Osteoarthritis
Scoring System (KOSS): MRIs of both patients and controls from the geMstoan study were scored according to the KOSS, which is a validated scoring system for quantifying OA changes in the knee, developed by Kornaat et al. (29) . For the present study, cartilaginous defects (diffuse and focal), osteophytes, subchondral cysts and bone marrow edema were graded on a scale of 0 (absent) to 3 (severe). Lesions were localized to any of five regions: medial femoral compartment, medial tibiofemoral compartment, lateral femoral compartment, lateral tibiofemoral compartment and patellofemoral compartment. An osteoarthritic defect was present when a score of ≥1 was given; a severe osteoarthritic defect was defined as KOSS ≥2. MRI scans of patients and controls were scored by an experienced musculoskeletal radiologist (A N C), blinded for any patient characteristics and according to the same protocol. Reproducibility seemed to be high, as assessed by repeated scoring of a small sample of three MRI scans by the same observer in the absence of information of the initial assessment.
Cartilage thickness measurements: In patients and controls form the geMstoan study, cartilage thickness (in millimeters, mm) was measured by the same experienced reader (A N C) at the level of the tibial attachment of the anterior cruciate ligament (ACL) and in the area with maximum thickness at the lateral and medial femorotibial compartment on the PDW DRIVE coronal weighted images. Cartilage thickness was also measured at the lateral and medial patellofemoral compartments on the PD with fat suppression axial weighted images. Cartilage thickness was not normally distributed with a range in patients of 0.8-4.7 mm at femoral level and 1.2-5.9 mm at tibial level; in controls of 1.2-3.1 mm at femoral level and 1.1-4.4 mm at tibial level. Reproducibility was good as reflected by an ICC of 0.82 and was based on a random selection of 3 knee MRIs.
T2 mapping
T2 mapping in patients with acromegaly was performed using a sagittal 2D turbo spin-echo sequence with TR 3307 ms, 7 echoes with TE1/ΔTE/TE7 13/13/91 ms, acquisition matrix 480 × 300, in-plane resolution of 0.31 × 0.5 mm 2 , slice thickness 3 mm, FOV 150 mm, and acquisition time 7 min 7 s. T2 maps were fitted using the on-scanner vendor-provided software based on a maximum likelihood approach.
ROIs were drawn manually on sagittal slices approximately through the center of the medial and lateral condyles in three locations: the weight-bearing and non-weight-bearing femoral cartilage, and the cartilage of the tibia plateau ( Fig. 1 ). Obvious defects in the cartilage were excluded from the ROIs. The analysis was performed with an algorithm developed in Matlab (MathWorks, Natick, Massachusetts, USA). In 23 patients with acromegaly, T2 maps of sufficient quality (motionand artifact-free) were available, and were hence included in the present analysis. Cartilage relaxation times were measured in milliseconds (ms) with a range of 17.6-45.5 ms at tibial level and a range of 30.3-66.0 ms at femoral level in patients with acromegaly, indicating a relative high variability between patients. Reproducibility of cartilage T2 relaxation times was moderate, as reflected by an ICC of 0.530, based on repeated segmentation of random selection of 5 knee MRIs throughout the scoring process, blinded for any patient characteristics.
Statistical analysis
SPSS for Windows, version 20.0 (SPSS), was used for data analysis. Data are presented as mean ± s.d., unless otherwise stated. P value was statistically significant at P < 0.05. The difference in prevalence of structural abnormalities was assessed between active and controlled patients with acromegaly, using a logistic regression model, adjusting for age, sex and BMI. The relationship between different acromegaly-specific parameters (as independent variables) and structural abnormalities (as dependent variables) was also assessed in a logistic regression model. The difference in mean cartilage thickness and cartilage T2 relaxation times was defined between active and controlled patients with acromegaly by a linear regression model, adjusted for age, sex and BMI.
For the comparison of the prevalence of structural OA changes between patients with acromegaly and controls with primary OA, we used a logistic regression model with adjustments for age, sex and BMI. Mean cartilage thickness was compared between patients and controls from the geMstoan study in a linear regression model, adjusting for age, sex and BMI. For comparison of cartilage T2 relaxation times between patients with acromegaly and 17 controls with mild OA from the literature reference of Stahl et al. (13) , a pooled variance T test was performed.
Results
Characteristics of patients and controls
Twenty-six patients with acromegaly were included, comprising 10 patients with active acromegaly, of whom 9 patients were treatment-naïve (mean age 50.6 ± 13.8 year, 40% female), and 16 patients in biochemical remission (mean age 60.6 ± 11.9 year, 12.5% female), achieved by transsphenoidal surgery, radiotherapy and/or SMS analogs. Mean remission duration in the latter group was 13.2 ± 10.6 year. Two patients, both in remission, had a history of knee arthroscopy in the scanned knee, in the form of a partial meniscectomy in both patients. The mean KL score was comparable between active and controlled patients. Table 1 Clinical characteristics of patients with active acromegaly, patients in remission of acromegaly and controls with primary OA. Data are reported as mean ± s.d., unless stated otherwise. Control subjects were diagnosed with primary knee OA, and were derived from the geMstoan study (21) .
ACRO active disease (n = 10)
ACRO remission (n = 16) Primary OA (n = 25) Age (year) 50.6 (13.8) 60.6 (11.9) 59.6 (8.0) Female sex (n (%)) 4 (40%) 2 (13%) 13 (52%) BMI (kg/m 2 )
28. Patients were compared with 25 controls from the geMstoan study diagnosed with primary OA (mean age 59.6 ± 8.0 year, 52% female). Clinical characteristics of patients and controls were shown in Table 1 . Mean age and BMI were comparable between patients and controls, but the control group comprises more females (P = 0.034). Definite radiographic knee OA of the scanned knee, defined as KL ≥2, was present in 7 (27%) patients and 20 (80%) controls.
Patients with acromegaly: active vs controlled acromegaly
Structural abnormalities in the knee according to the KOSS
Structural abnormalities were already present in a high proportion of patients with active acromegaly. Prevalence of osteophytes, bone marrow lesions and subchondral cysts was comparably high in active and controlled patients with acromegaly. Prevalence of cartilage defects seemed to be higher after achievement of disease remission, although it has to be mentioned that controlled patients tended to be older than active patients (P = 0.061) ( Table 2) .
Cartilage morphometry
As shown in Table 3 , mean total cartilage thickness (i.e. sum of all measured sites) was 8% higher in patients with active acromegaly than in patients with controlled disease. This was significant, also after adjustments for age, sex and BMI (P = 0.029). Especially at the femorotibial compartment, knee cartilage was thicker in patients with active acromegaly than in controlled patients (6% higher).
In the total acromegaly group, total cartilage thickness correlated to the current IGF-1 SDS value (r = 0.452, P = 0.023), but not to the pre-treatment IGF-1 SDS values. Cartilage Table 2 Prevalence of joint defects on a 3.0 T MRI of the knee using the KOSS, in patients with active acromegaly (n = 10) vs patients with acromegaly in biochemical remission (n = 16). Data are presented as n (%). The difference in prevalence of structural abnormalities between patients with active and controlled acromegaly was assessed using a logistic regression model with structural OA abnormalities as dependent variable and remission state, age, sex and BMI as independent variables. OA defects were scored according to the KOSS score, and were defined as KOSS ≥1.
Joint defects
Active disease (n = 10) thickness was not associated to the presence of structural abnormalities according to the KOSS (data not shown).
Biochemical cartilage composition: cartilage T2 relaxation times
On all sites, except for the weight-bearing medial femoral condyle, T2 relaxation times were higher in patients with active acromegaly, which reached statistical significance in the non-weight-bearing medial femoral condyle and lateral tibial plateau (Table 4) , adjusted for age, sex and BMI. Cartilage T2 relaxation times were not related to pre-treatment IGF-1 SDS, current IGF-1 SDS or active disease duration (data not shown).
Comparison acromegaly subjects with primary OA
Structural OA changes according to the KOSS
As depicted in Table 5 , patients with acromegaly have less cysts (P = 0.001) and bone marrow lesions (P = 0.006) than subjects with primary OA, but comparable prevalence of osteophytosis (although less osteophytosis at the patellofemoral compartment was observed) and cartilage defects (Fig. 2) . Prevalence of severe cysts and bone marrow lesions, defined as KOSS ≥2, was comparable between patients with acromegaly and controls with primary OA, whereas the prevalence of severe cartilage defects and severe osteophytosis was higher in patients with acromegaly.
Cartilage thickness
Cartilage thickness was significantly higher in patients with acromegaly than in subjects with primary OA, at almost all measured locations at knee ( Fig. 3 and Table 6 ), with a 31% higher total cartilage thickness in patients with acromegaly. All patients with acromegaly, except for two patients, had total cartilage thickness values above the mean value that was observed in controls.
Biochemical cartilage composition: T2 relaxation times
Cartilage T2 relaxation times were compared between patients with acromegaly and controls with mild OA from literature to assess the biochemical composition of cartilage. Patients had higher cartilage T2 relaxation times than controls at both the femoral and tibial levels (at all measured sites P < 0.01; Table 7 ), indicating changes in cartilage quality.
Case series: pre-and postoperative knee MRIs in two patients with acromegaly
The first patient with acromegaly was a 56-year-old male (patient A) with an estimated active disease duration of 8 years (pre-treatment GH levels and pre-treatment IGF-1 SDS were respectively 45.0 µg/L and +7.70 SDS). The second patient was a 68-year-old male (patient B) with an estimated active disease duration of 15 years (pre-treatment GH levels and pre-treatment IGF-1 SDS were respectively 17.8 µg/L and +7.91 SDS). Both patients underwent MRIs of the knee for two times: the first scan was done during the active, treatment-naïve, phase of acromegaly and the second scan was done at least 6 months after achieving biochemical remission (the MRI scans of patient A and patient B were performed with an interval of 20 months and 10 months). In patient B, no cartilage abnormalities were observed on MRI in the active acromegaly phase, however, cartilage *P < 0.001; **P = 0.002; ***P = 0.028. Analyses were adjusted for age, sex and BMI. Table 6 Comparison of cartilage thickness in the knee between patients with acromegaly and subjects with primary OA. Data are presented as mean ± s.d. Control subjects were diagnosed with primary knee OA, and were derived from the geMstoan Study (16) . Cartilage thickness measurements between patients and controls were compared using a linear regression model with adjustments for age, sex and BMI.
Cartilage thickness (mm)
Acromegaly patients (n = 26) Primary OA (n = 25) Adjusted mean difference (95% CI) Adjusted P value* 
Discussion
The present study is the first to evaluate acromegalic arthropathy using MRI in acromegaly patients both with active and controlled disease. We found that structural OA abnormalities on MRI were already highly prevalent during active disease, especially of osteophytosis, when compared to patients with controlled acromegaly. In addition, articular knee cartilage was thicker and cartilage T2 relaxation times were higher in patients with active acromegaly than in patients with controlled acromegaly, reflecting differences in cartilage quality between these patients. When compared to subjects with primary OA, acromegalic arthropathy seems to be predominantly characterized by alterations in joint cartilage, being thicker cartilage and changes in biochemical composition of the cartilage. In addition, patients with acromegaly showed less cysts and bone marrow lesions, whereas prevalence of cartilage defects and osteophytosis was comparable.
Arthropathy is one of the most invalidating complications in acromegaly, despite biochemical disease control (1, 2) , significantly impairing QoL. The exact pathogenesis of acromegalic arthropathy is currently unknown, but there are some similarities with that of primary OA. There is evidence that GH/IGF-1 activity is associated with both the onset and progression of acromegalic arthropathy (3, 4, 5) . Interestingly, patients with acromegaly have a characteristic radiographic phenotype with severe osteophytosis with preservation of joint cartilage (1, 11) . Until now, these characteristics were only observed in radiographic studies and in a few studies using ultrasonography.
The present study shows that structural OA defects are already highly prevalent during the active acromegaly phase. In addition, we found that in patients with active acromegaly articular cartilage is not only thicker than that in the controlled disease phase, but is also from a different biochemical composition, as reflected by higher cartilage T2 relaxation times. Cartilage T2 relaxation times are influenced by several factors, such as the orientation of collagen fibers to the main magnetic field, water content, alterations in water proton mobility and the integrity of collagenous structures in the extracellular cartilage matrix (30, 31, 32) . In previous studies, patients with primary OA showed higher T2 relaxation times than the healthy controls (14, 15) , with a clear correlation between these values and OA severity, indicating increased water content in these patients. The findings of the present study give rise to a new hypothesis that thickened joint cartilage in patients with active acromegaly consists of two different components: a structural component of cartilage hypertrophy, being (partially) irreversible despite longterm biochemical remission (11, 12) , and a component of edema (reflected by cartilage T2 relaxation times), which decreases after successful treatment. This may explain why joint cartilage of patients with controlled acromegaly is still thickened compared to that of healthy controls due to persisting cartilage hypertrophy, but is thinner than that in the active phase due to a decrease in water content by successful treatment. This hypothesis is supported by a corresponding decrease in cartilage T2 relaxation times in the long term after achievement of biochemical control; although it is currently unknown when this decrease occurs in time after remission has been obtained.
When compared to subjects with primary OA, patients with acromegaly have thicker knee cartilage. These results are in keeping with radiographic studies reporting widened joint spaces (11) , indicating persistent (protective) effects of previous GH excess on joint cartilage. This may explain why, despite significant joint complaints, joint replacement surgery is less frequently performed in patients with acromegaly, and, in addition, why fewer acromegalics have definite OA according to the Kellgren and Lawrence Score, which is a JSN-based scoring system. A new finding is the presence of higher cartilage T2 relaxation times in patients with acromegaly at all measured sites, suggesting that average biochemical composition of joint cartilage is altered in these patients. The observation of even higher cartilage T2 relaxation times in patients with acromegaly might reflect increased cartilage damage in acromegalics, with more cartilage hydration and collagen breakdown. Observations of these altered cartilage composition should be confirmed in future studies. This study may suffer from several limitations. First, due to the relatively small number of patients, only explorative analyses are carried out in this pilot study. Studies with a larger number of patients are needed to enable more definite conclusions. Secondly, the acromegaly group included in the study is quite heterogeneous, including patients with both active and controlled acromegaly. However, we decided to include treated patients next to treatment-naïve patients, to assess the effects of adequate treatment of acromegaly at the joint level. Thirdly, in the absence of T2 relaxation time control data in our center, for comparison we were restricted to the inclusion of a literature reference with subjects with primary OA. In this regard, differences between MRI scanners, scan protocols and scoring methods may confound these results. Finally, the cartilage thickness and T2 relaxation measurements are a first exploration of the MRI data, although we believe it is a quite innovative way to study joint cartilage in patients with acromegaly. In future work, we aim to analyze the data in more depth, including thickness measurements over the entire cartilage surface and T2-value assessment in the different cartilage layers. For future scans, these analyses may benefit from the higher resolution, both in the spatial and in the contrast domain, which can be achieved using the 7.0 T MRI scanner of the C.J. Gorter Center in our hospital. In addition, the moderate ICC of the T2 mapping might be improved by the implementation of a (semi-)automatic analysis algorithm.
In conclusion, this first MRI study on acromegalic arthropathy demonstrates that in the active acromegaly phase, structural OA defects are already highly prevalent. Patients with active disease have thicker joint cartilage with higher water content than that in patients with controlled disease, as reflected by increased cartilage T2 relaxation times. At present, it is still unknown when these cartilage changes occur in time after achieving remission. When compared to subjects with primary OA, acromegalic arthropathy especially differs with respect to joint cartilage, which is thicker and from different biochemical composition. The findings of the present study underline that acromegalic arthropathy is a clinical entity with a unique phenotype. Future studies are required to point out whether acromegaly-specific interventions can be beneficial in the management of acromegalic arthropathy.
